One sentence summary: Comparison of deduced protein sequences from Kazachstania sinensis mtDNA and related yeasts revealed that a universal site of +1C frameshift was suppressed by A37→G37 substitution in the tRNACys anticodon stem loop G37ACG to allow Watson-Crick base-pairing and the CTGY quadruplet to be read as cysteine. Editor: Monique Bolotin-Fukuhara
INTRODUCTION
The term Kazachstania was first proposed by Zubkova in the description of Kazachstania viticola, a yeast isolated from fermenting grapes in Kazakhstan (Zubkova 1971) . It was later considered to be a synonym of Saccharomyces dairenensis (Von Arx et al. 1977); however, in 2003, 19 other species from the Arxiozyma, Kluyveromyces and Pachytichospora genera and Saccharomyces species were reassigned to the Kazachstania genus. This was based on multigene sequence analysis and included genes of the rDNA repeat (i.e. 18S, 26S and internal transcribed spacer), single-copy nuclear genes (i.e. translation elongation factor 1a, actin-1 and RNA polymerase II), and mitochondrially encoded genes [i.e. ribosomal small subunit RNA (rns) and cytochrome oxidase 2 (cox2)] (Kurtzman 2003; Kurtzman and Robnett 2003) . Consequently, in the most recent (fifth) edition of 'The Yeasts: A Taxonomic Study,' 32 species were listed as belonging to this genus (Vaughan-Martini, Lachance and Kurtzman 2011). From a phenotypic perspective, there are no distinctive morphological or physiological traits that can reliably delineate the Kazachstania genus (Kurtzman 2003; Kurtzman and Robnett 2003) . Lack of phenotypic identity is a characteristic that is common to many of the recently identified genera defined from phylogenetic analysis (e.g. Wickerhamomyces; Kurtzman et al. 2011) . Species of Kazachstania have been isolated from a wide variety of habitats, including animals, fermented foods, fruit, leaves, mushrooms, silage, soil and wastewater (Wu and Bai 2005; Limtong et al. 2007; Nisiotou and Nychas 2008; Lee et al. 2009; Chen et al. 2010; Vaughan-Martini, Lachance and Kurtzman 2011) . Some species are heterothallic (e.g. Kazachstania gamospora and Kazachstania zonata; Imanishi, Ueda-Nishimura and Mikata 2007), whereas others are homothallic (e.g. Kazachstania hellenica; Nisiotou and Nychas 2008; James et al. 2015) . Kazachstania sinensis NRRL Y-27222 T (formerly Kluyveromyces sinensis) was originally isolated from dead birds (Hubei Province, Shennongjia, China; Kurtzman 2003) . Since then, the genus has continued to increase in size as additional species have been discovered and described (Araújo et al. 2012; Cardinali et al. 2012; Kabisch et al. 2013; Safar et al. 2013; James et al. 2015) . Despite the fact that Kazachstania is closely related to Saccharomyces, only three nuclear (Gordon et al. 2011; Sarilar et al. 2017) and two mitochondrial genomes have been sequenced (Langkjaer et al. 2003; Xiao et al. 2017) . Mitochondrial DNA (mtDNA) sequencing using Illumina MiSeq was recently completed for all Saccharomyces species (Sulo et al. 2017) . Due to assembly problems resulting from short reads and redundant regions, K. sinensis mtDNA was used as an assembly control; however, its description did not fit within the scope of the article. Therefore the aim of this work was to report the features of K. sinensis mtDNA. However, the analysis identified a principle that allowed +1 frameshifts in a number of mitochondrial genes in all Kazachstania species and some Nakaseomyces clades.
MATERIALS AND METHODS

Strain, growth conditions and mtDNA sequencing
The Kazachstania sinensis strain, NRRL Y-27222 T (CBS 7660), was kindly provided by the Agricultural Research Service Culture Collection (US Department of Agriculture, Peoria, IL, USA), and the superscript, T , indicates the type strain. Yeast cells were grown at 28
• C in YPD medium (2% glucose, 1% yeast extract and 1% peptone). mtDNA was purified by differential centrifugation (Defontaine, Lecocq and Hallet 1991) , and sequencing was performed as previously described (Sulo et al. 2017) .
mtDNA assembly and annotation mtDNA assembly was performed as previously described (Sulo et al. 2017) . Briefly, paired reads were trimmed and assembled into individual contigs using CLC Genomics Workbench 9.5 ( Langkjaer et al. 2003) as described previously (Sulo et al. 2017) . (Langkjaer et al. 2003) and 29 192 bp (Xiao et al. 2017) , respectively. As with other mtDNAs from the Saccharomyces/Kluyveromyces complex (Kurtzman 2003; Langkjaer et al. 2003) , K. sinensis does not code for NADH dehydrogenase genes. It contains a basic set of genes that coded for the components of cytochrome c oxidase (cox1, cox2 and cox3) and apocytochrome b (cob); subunits of ATPase (atp6, atp8 and atp9); both ribosomal RNA subunits (rnl and rns); the ribosomal protein (rps3); and the RNA subunit of the RNase P (rnpB) gene ( Fig. 1 and Supporting Information S1A). Unlike the related genus, Saccharomyces, the number of tRNA genes is reduced to 23. These tRNA genes are sufficient for translation in the 'yeast mitochondrial code' (transl˙table = 3); however, they differ from the universal code as TGA is read as tryptophan, CTN as threonine, ATA as methionine and GTG is used occasionally as the translation start code (Sulo et al. 2017) . The rare tRNA coded by the trnR2 gene (anticodon ACG encoding arginine) was absent. This tRNA is predominantly required for the expression of mobile elements in Saccharomyces and is therefore gained and lost in different clades from Saccharomyces/Kluyveromyces complex (Kurtzman 2003; Langkjaer et al. 2003) . The absence of the trnR2 gene was consistent with the lack of rare arginine (CGN) codons in the exons (Supporting Information S1B). Only two CGC codons were present in intron-coding reading frames (cox1I3β, cobI4) . Both open reading frames (ORFs) possessed a single LAGL-IDADG motif translated in-frame with the preceding exon, therefore they could code for a maturase or endonuclease. However, their activity may not be essential for intron splicing, as several nuclear factors with splicing activity are known (Huang et al. 2005; Moreno et al. 2009; Watts et al. 2011; Špírek et al. 2015) . For simple comparison, the circular genomes, exported from Vector NTI, were aligned at the beginning of the large rRNA subunit (rnl). Protein-coding genes are marked as pink arrows; ribosomal RNA and rnpB as blue arrows and bars; tRNA genes as black lines; introns as white rectangles and intronic and free-standing ORFs as grey arrows. Gene nomenclature follows the rules described in GOBASE (atp for ATP synthetase subunits; cob for cytochrome b; cox for cytochrome oxidase subunits; rnl for large rRNA ribosomal subunits; rnpB for the RNA subunit of RNase P; rns for small rRNA ribosomal subunits; rps3 for ribosomal protein and T2, C, H, etc. for specific tRNA coding genes). Sizes are given in kb on the bottom line.
RESULTS AND DISCUSSION
Introns and free-standing ORFs
Three genes (cox1, cob and rnl) were interrupted by introns, and nearly half carried endonuclease or maturase-like ORFs (Fig. 2) . The majority of the total 12 introns were inserted at the same site as in the mtDNA found in related Saccharomyces, Kazachstania and Nakaseomyces species (Langkjaer et al. 2003; Bouchier et al. 2009; Sulo et al. 2017; Fig. 2) . Five introns also contained ORFs in phase with the upstream exon and possessed LAGLI-DADG motif, which is characteristic of homing endonucleases and should be considered potentially active (Belfort and Roberts 1997; Stoddard 2011) . However, the expression of cox1I3β and cobI4 ORFs was questionable due to the presence of CGC codons as mentioned above. These could be read as cysteine, as the trnC with anticodon GCA possesses only one mismatch in the wobble position. The rare group II (GII) intron in cox1I4γ also warranted attention as it was only previously found in Saccharomyces bayanus CBS 380 and Saccharomyces uvarum CBS 395 (Wu, Buljic and Hao 2015; Sulo et al. 2017 
Intergenic DNA, GC clusters and origins of replication
Putative origins of replication were found in all Saccharomyces species. These elements were approximately 270 bp in length and contained a five-part consensus sequence [GGGGGAGGGGGTGGGTGAT ∼200 A/T-rich GGGTCCC 29 A/T-rich GGGACC] downstream of the 20-bp promoter [DDWDWTAWAAGT↓ARTADDDD] (Turk et al. 2013; Sulo et al. 2017) . Depending on the strain, their mtDNA contained seven or eight ori elements; however, only three were active. They also contained a transcription initiation site adjacent to this element to allow a contiguous transcript of over 350 nucleotides. As with other species from related clades, K. sinensis did not possess even sections of this region (Langkjaer et al. 2003; Bouchier et al. 2009 ). Apparently, these elements are not absolutely required for the synthesis of yeast mtDNA, which are otherwise essential in a conventional DNA replication mode (Chen and Clark-Walker 2018) . GC clusters are defined as segments of DNA that are ≥35 bp and have a GC content of 45%-62% (de Zamaroczy and Bernardi 1986) and they are considered as the major source of variation in S. cerevisiae intergenic regions (Foury et al. 1998) . Based on their primary structures, they were assigned to seven families with varying degrees of homology (de Zamaroczy and Bernardi 1986; Weiller, Schueller and Schweyen 1989; Wolters, Chiu and Fiumera 2015; Sulo et al. 2017) . The average number of GC clusters in S. cerevisiae is over 100; however, their occurrence decreases to approximately 30 in some less-related Saccharomyces species (Sulo et al. 2017) . Their occurrence in other yeasts from Kazachstania, Naumovia and Nakaseomyces clades is scarce (Table 2 ; Langkjaer et al. 2003; Bouchier et al. 2009 ), despite a number of different palindromic GC-rich elements being reported by Bouchier et al. (2009) . However, K. sinensis is an exception, as its mtDNA M1-, M2-and V-like GC clusters were found in similar numbers to S. bayanus and S. uvarum (Sulo et al. 2017) . In this respect, K. sinensis mtDNA is more related to Saccharomyces than other Kazachstania species, perhaps due to its extended intergenic region. It is worth noting that the palindromic GC clusters reported in Nakaseomyces were absent, although their origin from M2 GC clusters was apparent from the extension of AT-rich sequences in the centre of the M2 palindrome. Surprisingly, G-class ori-specific GC clusters were found despite the fact that ori elements were missing. In addition, several copies of species-specific GC-rich palindromes (i.e. CCCCCCTGATAGGGGGGT and CCCCGCGGGACCCATGGATC-CCGCGGGGT) were recognized (Supporting Information S2A).
Transcription units and adjacent motifs
The sequence DDWDWTAWAAGT↓ARTADDDD is recognized as the consensus promoter site in S. cerevisiae (Turk et al. 2013) . A similar consensus, DNNDNTAWAAGT↓ARTADDDD, has been reported in all Saccharomyces (Sulo et al. 2017 ) and can be reduced to the original nonanucleotide, WTATAAGTA (Christianson et al. 1982; reviewed in Schäfer 2005) . In K. sinensis, this element was found in 14 potential transcription initiation start sites, although the transcription units differed from those described in Saccharomyces (Supporting Information S2B; Sulo et al. 2017) . The dodecamer motif, 5 -AAUAA(U/C)AUUCUU-3 , in the 3 UTR was considered to be the 3 termini of mitochondrial mRNA cleavage sites in budding yeast, and this was confirmed in the S. cerevisiae transcriptome as AAUAA(U/C)AUUCUUAU↓ (Turk et al. 2013) . In K. sinensis, this dodecamer was found in all ribosomal and protein-coding transcription units up to 330 nucleotides downstream of the termination codon (Supporting Information S2B).
Gene order and synteny
The most profound feature of mtDNA in Saccharomyces is the species-specific alteration in gene order, which accompanies the speciation process in yeasts with larger mtDNA (Sulo et al. 2017) . The alterations in synteny within yeast are linked to conserved blocks (e.g. cox1-atp8-atp6, rnl-trn cluster) and are related to genome size (i.e. larger genomes in Saccharomyces are more prone to rearrangements). Kazachstania sinensis has a mediumsized mitochondrial genome (Freel, Friedrich and Schacherer 2015) . When comparing to the colinear K. servazzii and Kazachstania unisporus mtDNAs (Langkjaer et al. 2003; Xiao et al. 2017) , K. sinensis clearly showed gene order that was more related to Saccharomyces than to Kazachstania, Naumovia and Nakaseomyces species. In particular, the rnl-trn cluster segment was not interrupted by the transposition of other genes such as cox2 or cob ( Fig. 1 ; Langkjaer et al. 2003; Bouchier et al. 2009 ). 
+1 Frameshift due to the insertion of a single C nucleotide
ORFs in three genes (cox3, atp6 and cob) contained +1 frameshifts that could be easily inferred by comparing the deduced protein sequences to the consensus from related species (Figs 3-5) . Similar slippage was also reported in K. servazzii, where the cox3, atp6 and cox2 genes contained a +1 frameshift at amino acid positions 250, 193 and 221, respectively, and the cob gene contained a +1 frameshift at amino acid positions 74 and 81 (Langkjaer et al. 2003) . These +1 frameshifts were also recognized in K. unisporus, although in different genes (rps3) and at different positions in cox2 ( Fig. 6 ; Supporting Information S3; Xiao et al. 2017) . A frameshift at −66 nucleotides from the end of the protein was found in atp6 in all sequenced Kazachstania species (Fig. 4) . Cox2 was the gene with the most frequent number of +1 frameshifts, and this was also found in the related Nakaseomyces clade in more than 20 isolates of Candida glabrata at the same position as Nakaseomyces delphensis. The frameshifts truncate the protein leaving the last 17-24 amino acids (Sanson and Briones 2000; Bouchier et al. 2009) .
So, what machinery can bypass these ribosomal slippage sites? Due to the strong amino acid sequence conservation found in related species, Langkjaer et al. (2003) suggested that frameshifts were due to an additional T residue at the 3 end. Any other combination would either impair the sequence conservation or introduce a CGN codon. Bouchier et al. (2009) believed that the frameshift in cox2 resulted in a diverged C-terminus being produced, with the last three codons coding for threonine, arginine and cysteine; and furthermore, that the arginine codon was a CGG codon for which no tRNA gene was found. The fact that the frameshifts were found in several different species and genes and in variable positions implicates the presence of an unexpected codon (Bouchier et al. 2009 ). In addition to yeasts, +1 frameshifts are generally very frequent in mitochondria, and they have been found in a small number (currently six) of essential mtDNA genes in species from four animal phyla and one protist (reviewed in Atkins et al. 2016) . These anomalies should be fixed by a universal mechanism (Atkins et al. 2016) . Therefore, an attempt was made to find the universal consensus that could be recognized and fixed by a mechanism that allows the correct reading frame to be read by the ribosome. However, DNA comparison around the +1 slippage site did not reveal any consensus besides the CTGY motif where UGU and UGC code for cysteine (Fig. 6A) . The residue was not conserved in the frameshift region; however, the position was surrounded by conserved amino acid residues (Figs 3-5) . However, evidence suggests the presence of conserved cysteine residues in two +1 frameshift sites in the cox2 gene (Supporting Information S3).
Due to the conserved skipped C in the CTGY consensus, it was assumed that all frameshifts could be 'neutralized' through base-pairing of the fourth base (G37, also called the dangling base) in the anticodon stem loop (ASL). Hypomodifications of nucleotide 37 participate in stacking interactions with other anticodon nucleotides and may preorder anticodon nucleotide 36 for mRNA recognition. Posttranscriptional modifications of nucleotides at positions 34 and 37 in the ASL generally play a critical role in the promotion of translation fidelity (Urbonavicius et al. 2001) . The absence of some tRNA modifications increases the frequency of measurable translational frameshifting in bacteria (Björk et al. 1999; Urbonavicius et al. 2001 Urbonavicius et al. , 2003 and often results in severe growth defects in bacteria and yeasts but only few are strictly essential in vivo (El Yacoubi, Bailly and de Crecy-Lagard 2012). Mitochondrial hypomethylation is associated with multiple respiratory-chain deficiencies (Powell et al. 2015) . The m1G37 modification is critical for translational fidelity as it promotes the selectivity of tRNA in the ribosomal A site and prevents frameshifting. Lack of m1G37 leads to decoding of a quadruplet rather than triplet codon and causes +1 frameshifting. tRNAPro promotes +1 frameshifting on nearcognate codons (Björk et al. 1989; Maehigashi et al. 2014; McKenney and Alfonzo 2016; Väre et al. 2017) . Other potential modes of frameshifting induced by m1G37 deficiency have been proposed based on structural studies, including faulty translocation of tRNA from the A site to the P site and P-site slippage (McKenney and Alfonzo 2016; Väre et al. 2017) . Without m1G37, the cell experiences global defects in translational fidelity but not in the efficiency of protein synthesis (Björk et al. 1989; Maehigashi et al. 2014) ; however, depletion of m1G37 in the mitochondrial initiator, tRNAMet, in yeast generates respiratory defects (Lee et al. 2007) . Therefore, the CTGY frameshift could be mediated by the partial modification of tRNACys if the base at position 37 can pair with the skipped C (Fig. 6C) . Indeed, trnC comparison revealed that all species with a frameshift had G in position 37 instead of the consensual A found in all other related species (Fig. 6B ). This G (ACG) restored +1 frameshifting, decoding the CTGY quadruplet as cysteine to restore the correct reading frame and revert the nonsense truncated protein back to the wildtype protein in all positions.
CONCLUSION
Kazachstania sinensis is related to Saccharomyces in terms of its gene order and the number of GC clusters in mtDNA; however, the absence of the trnR2 gene and the +1 frameshifts in cox3, atp6 and cob ORFs are traits that are common to numerous mitochondrial genes in all Kazachstania species and some species of the related genera, Nakaseomyces (Fig. 7) . Comparison of the deduced protein sequences to other yeasts revealed a universal site of +1C frameshifts in CTGT or CTGC cysteine-coding codons. The frameshift is likely to be suppressed by a mutation in the tRNACys ASL. Specifically, A→G substitution at position 37 in all species with a frameshift allows Watson-Crick base-pairing of the hypomodified G with the skipped C to allow the quadruplet CTGY to be read as cysteine.
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